INTRODUCTION
Transient receptor potential (TRP) channels, including the six vanilloid (TRPV) channels in warm-blooded vertebrates, have many physiological functions in neuronal and nonneuronal cells (1) . TRPV5 and TRPV6 are calcium channels in the gut and kidney important for Ca 2+ homeostasis (2) , while TRPV1-V4 are nonselective cation channels that contribute to temperature sensation (3) . TRPV1 and TRPV2 activate at noxious temperatures above 42°C and 52°C, respectively, whereas TRPV3 and TRPV4 activate at warm temperatures around 33-39°C and 25-34°C, respectively.
Thermosensitive TRPVs are polymodal channels activated by physical stimuli (e.g. temperature) and chemical agonists. For instance, capsaicin and low extracellular pH activate TRPV1 (4); thymol, carvacrol and eugenol activate TRPV3 (5); and extracellular hypotonicity, phorbol esters and arachidonic acid metabolites activate TRPV4 (6-9). 2-aminoethyl diphenylborinate (2-APB) is promiscuous and activates TRPV1, TRPV2 and TRPV3 (10) .
Remaining questions include whether TRPV channels have maintained common regulatory mechanisms. Thermosensitive TRPV channels are modulated intracellularly by Ca 2+ , calmodulin (CaM) and phosphoinositides (11) (12) (13) . TRPV1 desensitization depends on intracellular Ca 2+ and CaM (14, 15) . Similarly, TRPV4 is first potentiated, then inactivated by intracellular Ca 2+ , again likely through CaM (16) . Like TRPV1, TRPV4 desensitizes after repeated or prolonged stimulations (17) . In contrast, TRPV3 currents increase with repeated stimulation (18) (19) (20) , and while TRPV3 sensitivity also depends on Ca 2+ and CaM, the effects differ from TRPV1 and TRPV4 (21) . The nature of these differences in homologous temperature-sensitive TRPVs has yet to be determined.
TRPVs have a channel domain homologous to Shaker K + channels, and cytosolic N-and C-terminal domains, including a conserved N-terminal ankyrin repeat domain (ARD) (22) . TRPV1-, TRPV2-and TRPV6-ARD structures have been reported (15, (23) (24) (25) .
The crystal structure of TRPV1-ARD revealed a bound ATP molecule, and it was shown that ATP and Ca 2+ -CaM compete for a common binding site on TRPV1-ARD (15) . Intracellular ATP sensitizes TRPV1, while both Ca 2+ -CaM and its binding site on the ARD are necessary to inactivate TRPV1 (15) .
We investigated whether the modulatory binding site found on TRPV1-ARD exists in other TRPV channels. We demonstrate that TRPV3-and TRPV4-ARD also bind ATP and Ca 2+ -CaM. Similar to TRPV1, TRPV4 is sensitized by intracellular ATP and a binding site mutation eliminates this sensitization.
In contrast, intracellular ATP prevents TRPV3 sensitization to 2-APB and binding site mutations confirm a role for the ARD in regulating TRPV3 sensitivity. Moreover, the ARD is key to TRPV3's previously reported sensitivity to intracellular Ca 2+ and CaM (21) .
Potential physiological roles of this multiligand binding site conserved on several thermosensitive TRPV channels include setting channel responsiveness to stimuli and adaptation to metabolic state.
MATERIALS AND METHODS
Cloning of Expression Vectors -cDNA fragments encoding ARDs (human TRPV3-ARD residues 115-367 and chicken TRPV4-ARD residues 132-383) and full-length protein (human TRPV3 and chicken TRPV4) were cloned into the NdeI and NotI sites of pET21-C6H (23) and pFastBacCFlag (15) vectors, respectively. Baculovirus stocks were generated and used to infect Sf21 cells as described in the Bac-to-Bac manual (Invitrogen). Full length TRPVs in pcDNA3 were provided by Michael Caterina (Johns Hopkins School of Medicine; rat TRPV2), David Clapham (Harvard Medical School; human TRPV3) and Stefan Heller (Stanford; chicken TRPV4). All mutants were generated by mutagenesis, and all clones were verified by DNA sequencing.
Expression and Purification of TRPV ARDs -
The ARDs were expressed in Escherichia coli BL21(DE3) by induction with 0.4 mM isopropyl-β-D-thiogalactopyranoside overnight at room temperature after the cells reached OD 600 = 0.6. Cells were resuspended in lysis buffer (20 , 200 mM NaCl, 1 mM DTT was used for further purification of TRPV3-ARDs, whereas the TRPV4-ARDs were dialysed in 20 mM TrisHCl pH 8.0, 300 mM NaCl, 10% glycerol, 1mM DTT. All proteins were concentrated to >7 mg/ml in a Vivaspin centrifugal filter (10,000 molecular weight cut off; Sartorius AG, Goettingen, Germany), flash frozen and stored at -80 °C. TRPV1-ARD, TRPV2-ARD, TRPV5-ARD and TRPV6-ARD were purified as previously described (15, 23, 25) .
ATP-and CaM-agarose Pulldown Assays -All assays were carried out at 4 °C as previously described (25) . The ATP-agarose assays were performed in the absence of divalent ions except otherwise noted, in binding buffer (10 mM TrisHCl (pH 7.5), 50 mM NaCl, 1 mM DTT and 0.15% n-decyl-β-Dmaltopyranoside; except 150 mM NaCl was used for TRPV4-ARD mutant analyses to preserve protein solubility). For ATP competition assays, competing compounds were added to reaction mixtures prior to the agarose slurry.
All nucleotides used where sodium salts diluted from 0.5 M stocks adjusted to pH 7 with NaOH. The CaM-agarose assays were performed in binding buffer supplemented with 2 mM CaCl 2 or 5 mM EGTA (pH 7.5). In each load lane, the volumes loaded corresponded to 2 μg protein. Gels were quantified using ImageJ (26) , and shown are the average ± standard deviation for at least three independent experiments.
Insect and Mammalian Cell Culture and Full-
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Length TRPV Protein Expression -Sf21 insect cells were maintained in Hink's TNM-FH (Mediatech, Manassas, VA), supplemented with 10% fetal bovine serum, 0.1% pluronic F-68 and 10 μg/mL gentamycin. Cells at 5 x 10 5 cells/mL were adhered to glass cover slips in medium without pluronic F-68 and infected with baculovirus. HEK293 cells were maintained in Dulbecco's Modified Eagle medium, supplemented with 10 % fetal bovine serum, GlutaMAX (Gibco), 100 units/mL penicillin and 100 μg/mL streptomycin.
Cells were cotransfected with pNEGFP and pcDNA3 containing the appropriate full-length TRPV using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer directions.
Electrophysiology -Insect cells were tested 44-48 hours post-infection and HEK 293 cells were tested 20-25 hours post-transfection under continuous perfusion using a multichamber perfusion apparatus for agonist application. 2-APB and thymol were dissolved in dimethyl sulfoxide and 4α-phorbol 12,13-didecanoate (4αPDD) in ethanol prior to dilution in bath solution. Currents were recorded and analyzed as described (15) . Data are presented as mean ± SEM. The intracellular/pipette solution contained (in mM): 140 NaMethanesulfonate, 10 HEPES, and either (4 NaCl and 10 EGTA) for EGTA conditions or (0.6 MgCl 2 and 10 BAPTA, resulting in 0.4 free Mg 2+ according to MaxChelator (27) ) for BAPTA conditions. The BAPTA conditions are thus very similar to those used in (21) . The pH was adjusted to 7.2 with NaOH and the final osmolarity was ~315 mOSM. As indicated, the intracellular solution was supplemented with 4 mM ATP (sodium salt) or ATPγS (lithium salt) from 0.5 M stocks (pH adjusted to ~7 with NaOH). In EGTA conditions, all ATP should be free ATP, whereas in BAPTA conditions, the presence of 0.6 mM MgCl 2 results in 0.001 mM free Mg 2+ , 0.58 mM Mg-ATP and 3.42 mM free ATP (27) 
, where I is the current, K is the EC 50 , S is the agonist concentration and n is the Hill coefficient. Tail currents from voltage step experiments in HEK293 cells used for the determination of TRPV4 V 1/2 were measured during the first millisecond of a step to a voltage of -160 mV and normalized to the maximum current. Average tail currents were fit to a modified Boltzmann function:
, where z is the valence of the gating charge and F/RT is 25 mV -1 . Statistical analyses were performed using a two-tailed t-test, with p < 0.05 being considered statistically significant. Data are presented as mean ± SEM.
RESULTS

TRPV3-ARD and TRPV4-ARD Bind ATP and Ca
2+ -CaM -To determine whether the ATP/CaMbinding site on the TRPV1-ARD is conserved in other TRPV channels, the ARDs from all six TRPV channels common to warm-blooded vertebrates were tested for ATP binding in pulldown assays (Fig. 1 ). As previously observed (15, 25) , the TRPV1-ARD bound ATP-agarose, while the TRPV2-, TRPV5-and TRPV6-ARDs did not. Both TRPV3-ARD and TRPV4-ARD were precipitated by ATP-agarose (Fig. 1A) , suggesting that the TRPV1-ARD ATP-binding site is conserved in TRPV3 and TRPV4. Furthermore, the three ARDs that interact with ATP -the TRPV1-, TRPV3-and TRPV4-ARDs -were also precipitated with CaM-agarose in the presence of Ca 2+ , and this interaction was eliminated in the presence of EGTA, a Ca 2+ -chelator (Fig. 1A) . As previously determined, the TRPV2-, TRPV5-and TRPV6-ARDs interacted either very weakly or not at all with CaM-agarose ( Fig. 1B; (15, 25) ). The ATP and Ca 2+ -CaM Binding Site is Conserved in TRPV3-ARD and TRPV4-ARD -To further characterize the properties of the ATP-binding site on TRPV3 and TRPV4, we tested its specificity in competition assays with other nucleotides. As previously reported with TRPV1 (15), free GTP and ATP most efficiently competed for binding to ATP-agarose for both TRPV3-ARD and TRPV4-ARD (Fig. 1C) . Furthermore, Ca 2+ and Mg 2+ also reduced binding to ATP-agarose (Fig. 1C) . Therefore, the ATP-binding sites on the ankyrin repeats of TRPV3 and TRPV4 have highest affinity for divalent-free triphosphate nucleotides, with a small preference for purines over pyrimidines, a specificity profile comparable to TRPV1-ARD (15) .
The similar nucleotide specificities of TRPV3-ARD, TRPV4-ARD and TRPV1-ARD strongly suggest that ATP interacts with these domains at a conserved site. The overall sequence conservation of TRPV1, TRPV3 and TRPV4 (Supplementary Fig. 1 ) was mapped onto the structure of TRPV1-ARD bound to ATP ( Fig. 2A) . The most conserved surface encompasses the ATPbinding site. We used mutagenesis to confirm that the conserved phosphate-binding residues are important for the interaction of TRPV3-ARD and TRPV4-ARD with ATP. K155 and K160 interact with the triphosphate moiety of ATP in the TRPV1-ARD structure and are important for ATP and CaM binding (15) . The corresponding lysines, K169 and K174 in TRPV3-ARD and K178 and K183 in TRPV4-ARD, were mutated to alanine. R188 in TRPV3 and K205 in TRPV4, predicted to lie on the opposite face of the ARDs, were also mutated to alanine and used as negative controls. In pulldown assays, the TRPV3-ARD and TRPV4-ARD lysine mutants showed reduced binding to both ATP and CaM compared to the wildtype proteins and negative control mutants ( Fig. 2B and  2C ). In summary, the lysines homologous to K155 and K160 in TRPV1 are also necessary for TRPV3 and TRPV4 interactions with ATP and CaM, indicating that the multiligand binding site previously identified in TRPV1 (15) is conserved in TRPV3 and TRPV4.
TRPV2 is Insensitive to Intracellular ATP -
Electrophysiology experiments demonstrated that intracellular ATP can sensitize TRPV1 and prevent its desensitization to repeated applications of capsaicin (15) . Experiments with the K155A and K160A mutants of TRPV1 also indicated that these effects of ATP were through its direct interaction with the TRPV1-ARD. Rat TRPV2 was hypothesized to be a natural negative control: ATP and Ca 2+ -CaM were not expected to affect its sensitivity since its ARD did not bind either. Rat TRPV2 expressed in HEK 293 cells responded to 2-APB in whole cell patch clamp recordings as previously reported (10, 28) . TRPV2 exhibited similar currents when stimulated with 2-APB in the absence or presence of intracellular ATP (Fig.  3) . Furthermore, no significant desensitization or tachyphylaxis was observed in response to repeated 2-APB applications. Therefore, TRPV2 activity was not affected by the presence of intracellular ATP, correlating with the lack of interaction between ATP and the TRPV2-ARD.
We attempted to generate a TRPV2-ARD mutant that could bind ATP and/or CaM. We looked at two mutations: D78N, which neutralizes a negatively charged side chain which maps in close proximity of the phosphate-interaction site, and H165Q, to attempt to restore the adeninebinding pocket (Supplementary Fig. 2 ). Neither of the single mutants bound to ATP-or CaM-agarose in our assays. The D78N/H165Q mutant bound weakly but significantly to ATP, but not CaM. Because the TRPV2-ARD is only 50% identical to the TRPV1-ARD, it is difficult to determine which other sequence differences may be responsible for the differences in biochemical properties.
TRPV4 is Sensitized by Intracellular ATP -
We used whole-cell patch clamp electrophysiology to determine the effect of intracellular ATP on the sensitivity of TRPV4 expressed in insect and HEK293 cells. TRPV4 showed constitutive basal activity in both cell types (Fig. 4 and Supplementary Fig. 3 ), similar to previous observations (e.g. (6,7)).
In voltage step experiments in insect cells, TRPV4 currents were significantly increased in the presence of intracellular ATP or the nonhydrolyzable ATP analog, ATPγS (Fig. 4A) . Furthermore, the K178A mutation, which reduces ATP binding, abolished sensitization by ATP (Fig. 4A) .
Similar results were obtained from basal TRPV4 currents in HEK293 cells (Fig. 4B) , although the lower constitutive activity in HEK293 cells enabled us to also look at 4αPDD-stimulated activity. Currents observed after perfusion with 4αPDD were also significantly increased by the addition of ATP to the recording solution (Fig. 4B) . The effect of ATP was similar in both 4αPDD-stimulated and constitutive conditions (at +100 mV, constitutive currents increased 1.9-fold and 3.0-fold in insect and HEK293 cells, respectively, while 4αPDD-stimulated currents increased 2.4-fold). Furthermore, depleting HEK293 cells of CaM by including a monoclonal anti-CaM antibody in the intracellular solution, as was previously done in TRPV1-expressing cells (15), did not affect the voltage response of unstimulated TRPV4, but did significantly increase inward currents in TRPV4 expressing HEK293 cells treated with 4αPDD (p < 0.05 at V m ≤ -20 mV).
Similar to TRPV1 (15), this increased current density for TRPV4 in the presence of intracellular ATP appears to be a result of increased whole-cell conductance, rather than a shift in the current-voltage relationship. Tailcurrent analyses from voltage step experiments in TRPV4-expressing HEK293 cells with control, 4 mM ATP or anti-CaM antibody intracellular solutions ( Fig. 4C and Supplementary Fig. 3 ) show that the V 1/2 of TRPV4 is not altered by ATP or CaM with V 1/2 values of 104 ± 36.4, 102 ± 8.3, and 102 ± 13.6 mV for the control, ATP and antiCaM experiments, respectively. Of note, the antiCaM antibody increases the steepness of the G/V curve, suggesting that CaM may affect the intersubunit cooperativity of TRPV4. Overall, these results strongly suggest that the previously observed potentiation or desensitization by binding of intracellular ATP or CaM, respectively, to the N-terminal ankyrin repeats of TRPV1 is conserved in TRPV4.
ATP Lowers the Agonist Sensitivity of TRPV3 -
Similar to previously published reports using mammalian cells (21, 29) , TRPV3 expressed in insect cells is sensitized by repeated applications of 2-APB (Fig. 5A) . Once sensitized, TRPV3 also showed biphasic currents (Fig. 5A) where the initial outward rectified current (I 1 ) is followed by an off-response with the appearance of a less rectified, higher amplitude current that is slower to inactivate (I 2 ), similar to the currents reported in HEK293 cells and primary keratinocytes over-expressing TRPV3 (30) . The sensitization of TRPV3 to repeated agonist applications is in contrast to what is observed with TRPV1, which is desensitized by repeated agonist applications (14, 15) . Also unlike TRPV1 and TRPV4, intracellular ATP blocked the sensitization of TRPV3 to repeated 2-APB applications (Fig. 5B) . The same effect was observed when ATPγS was used, supporting the idea that it is ATP binding, not an ATP hydrolysisdependent process, that prevents TRPV3 sensitization. There is no significant difference between the currents observed during the first and twelfth 2-APB applications in presence of intracellular ATP or ATPγS. Furthermore, the currents observed on the twelfth 2-APB application with the control cells are significantly larger than in cells with intracellular ATP or ATPγS (Fig. 5B) . Additionally, while biphasic currents and off-responses were observed for seven of the nine control cells tested, none of the ATP (0/6) or ATPγS (0/7) cells showed biphasic currents or off-responses.
The sensitization of TRPV3 is dependent on the strength of the intracellular Ca 2+ buffer. When BAPTA, a more rapid and specific Ca 2+ buffer, was used in place of EGTA, TRPV3 was pre-sensitized, showing large responses to the first application of 2-APB and little increased sensitivity to subsequent 2-APB applications (21) . This behavior could also be reproduced in our insect cell system ( Fig. 5C and 5D ). Also, TRPV3 K169A (one of the ATP/CaM site mutants that no longer bound ATP or CaM; Fig. 2) showed initial current densities similar to those of wildtype TRPV3 in the presence of BAPTA, even when EGTA was used as the Ca 2+ buffer (Fig. 5) . The TRPV3 K169A currents were similar to the I 2 currents observed with sensitized wildtype TRPV3, with large amplitudes, little rectification, and slower deactivation after removal of 2-APB. Consistent with a sensitized state, the average current density from the first 2-APB application for TRPV3 K169A was as large as that for wildtype TRPV3 either from the twelfth 2-APB application in experiments with EGTA as the Ca 2+ buffer, or the first 2-APB application when presensitized with BAPTA as the Ca 2+ buffer (Fig. 5) To further characterize the mechanism by which intracellular ATP regulates TRPV3 sensitivity, dose response relationships were measured for two different TRPV3 agonists, 2-APB and thymol, in the absence or presence of intracellular ATP (Fig. 6) .
Dose response experiments were carried out with BAPTA to presensitize TRPV3 and remove any confounding effects on the dose response from repeated agonist applications. Additionally, the chloride ions in the extracellular solution were replaced with gluconate. Replacing chloride with gluconate lowers the agonist-induced TRPV3 currents, allowing us to also determine the dose response of TRPV3 K169A, which was otherwise difficult to inactivate after the first agonist application ( Supplementary Fig. 4 ). Thymol concentrations above 1 mM were toxic and as a result saturated currents could not be recorded in the presence of ATP. The responses of TRPV3 to thymol in the absence or presence of ATP were both normalized to the maximum current density from the experiments without ATP. ATP increases the EC 50 of both agonists by approximately 3-fold (Fig. 6 ), indicating that intracellular ATP reduces the sensitivity of TRPV3 to its agonists. TRPV3 K169A showed an increased sensitivity to 2-APB with an EC 50 ~2-fold lower than wildtype TRPV3, and it is unchanged in the presence of ATP (Fig. 6) . The changes in sensitivity between K169A and wildtype TRPV3 are not due to differences in expression ( Supplementary Fig. 5 ) and instead could result from the loss of ATP and CaM binding in K169A. In contrast, the behavior of the TRPV3 R188A control mutant is indistinguishable from wildtype either in the presence or absence of intracellular ATP (Fig. 6) . These results strongly support the role of ATP binding to the TRPV3-ARD in altering agonist sensitivity.
TRPV3 behaved similarly in HEK293 cells.
Intracellular ATP or ATPγS reduced sensitization compared to control (EGTA), whereas intracellular BAPTA caused significantly increased current densities for the first three 2-APB applications (Fig. 7) . In HEK293 cells we could also test the effects of CaM depletion using an anti-CaM monoclonal antibody. Addition of anti-CaM antibody into the intracellular solution led to immediate sensitization and significantly larger current densities for all 2-APB applications, while currents in the presence of an isotypematched control antibody were indistinguishable from control (Fig. 7B) . Furthermore, the 2-APBinduced currents from CaM-depleted cells were similar to those observed with the K169A mutant in insect cells in that they did not inactivate upon agonist removal and showed little rectification (compare Fig. 5C and Fig. 7A ). Taken together, the results from HEK293 and insect cells indicate that there is direct role for CaM binding to the conserved ARD site in TRPV3 inactivation and that ATP binding to the same site can maintain TRPV3 in a low sensitivity state. This is in agreement with a previous report that sensitization of TRPV3 results from a loss of CaM binding (21) , and further demonstrates a role for the ARD in this CaM-mediated regulatory mechanism.
DISCUSSION
We find that the binding of ATP and Ca
2+ -CaM to the N-terminal ARD observed in TRPV1 (15) is conserved in two of the three other thermo TRPVs, TRPV3 and TRPV4. Intracellular ATP increased TRPV4 currents in response to voltage steps, indicating a sensitizing effect, similar to the effect of intracellular ATP on TRPV1, increasing currents in response to capsaicin. In contrast, the response of TRPV3 to agonists is reduced in the presence of intracellular ATP. More precisely, intracellular ATP prevented the sensitization of TRPV3 to repeated applications of 2-APB and increased the EC 50 for agonists. Furthermore, mutagenesis and electrophysiology data support a role for the ATP/CaM binding site on the ARD in regulating both TRPV3 and TRPV4 sensitivity. Therefore, although the biochemical properties of the TRPV1-, TRPV3-and TRPV4-ARDs are similar, there are marked differences in functional consequences of modulatory interactions with the ARD.
Of the four thermosensitive TRPVs, only TRPV2 did not bind to ATP or Ca 2+ -CaM through its ARD. This is likely a result of several amino acid substitutions within and around the conserved ATP/CaM binding site ( Fig. 2 and Supplementary  Fig. 2; (15,23,24) ). Accordingly, we saw no significant effects of intracellular ATP on TRPV2 currents (Fig. 3) . Although TRPV2-ARD does not interact with ATP or CaM, it is still important for TRPV2 function, since deletions of parts of the ARD impair activation by 2-APB or heat and surface localization (28) .
Our data do not directly demonstrate a physical interaction between ATP and the TRPV ARDs under the patch clamp conditions where the effects of intracellular ATP on channel sensitivity were observed. It is therefore difficult to rule out an indirect effect of intracellular ATP. However, several observations support a direct binding of ATP to the ARDs. First, similar results are obtained in two different cell types, HEK293 and insect cells, ruling out factors that are not conserved in both cell types. Second, the effects of ATP can be observed in the absence of divalent cations and/or presence of chelator in the intracellular solution, and are reproduced by ATPγS, a poorly hydrolysable ATP analog. This argues against an ATP-hydrolysis dependent process (e.g. phosphoinositide synthesis). Third, the disruption of the ligand-binding site on the ARD by mutagenesis -confirmed biochemicallyeliminated the effect of ATP on channel function in both TRPV1 (15) , and TRPV3 and TRPV4. This supports a direct role for ATP binding to the ARD in regulating TRPV channel sensitivity.
What might be the physiological purpose of intracellular ATP-meditated regulation of TRPV ion channels? As suggested above, the overall role of the ATP/CaM binding site on the ARD may be to tune the sensitivity of TRPV channels. Regulation by intracellular ATP has also been observed in other ion channels, including TRP channels TRPC5 (31), TRPM4 (32) and TRPM6 (33) .
K ATP channels use several nucleotidebinding sites to sense nucleotide levels and have been implicated in sensing metabolic levels in tissues ranging from muscles to the pancreas to neurons, tying membrane potential to the cell's metabolic level (34) . Furthermore, the C-terminal domain of ClC-type chloride channels binds adenine nucleotides (35) and, at least under some circumstances, intracellular adenine nucleotides inhibit ClC channels, although the ATP-mediated regulation of ClCs remains controversial (36) . Hence, intracellular ATP may play an important role in modulating physiological functions of multiple channel families including TRPV channels. The data on fluctuations of nucleotide concentration in cellular physiology are still sparse, but some studies suggest that such variations may be important (37) . Thus, changes in cellular nucleotide concentrations reflecting the metabolic state -either local or global -could directly affect TRPV channel sensitivity.
Alternatively, ATP may act as a cofactor in sensing Ca 2+ levels. ATP binding to TRPV ARDs is sensitive to the divalent cation concentration: only free ATP has high affinity for the binding site. High concentrations of Ca 2+ disrupt the interaction with ATP, presumably through Ca 2+ chelation by the triphosphate moiety, and favor the interaction with Ca 2+ -CaM. Of note, although most ATP is chelated by Mg 2+ in vivo, the cellular concentration of free ATP is still significant, ranging from 0.3-0.7 mM ((38) and references therein). It was suggested that the competition of ATP with CaM for the same binding site on the ARD could provide sensitivity to global Ca 2+ levels while making the channel less sensitive to transient local Ca 2+ concentration changes that rapidly dissipate (39) . That is, the competition between ATP and CaM affects the kinetic and thermodynamic parameters of the channel modulation by Ca 2+ . In such a scenario, ATP could be considered a cofactor tuning the sensitivity of TRPV channels to intracellular Ca 2+ . The different modulatory effects of the ATP/CaM binding site on TRPV3 versus TRPV1 and TRPV4 may have arisen to provide different basal sensitivity and/or feedback mechanisms. That is, the physiological roles of these channels, which are still being uncovered (see (40) for a recent review), likely require different adaptation and potentiation mechanisms. TRPV3, unlike TRPV1 and TRPV4, is sensitized by repeated agonist applications. The data presented here (Fig.  7) and by others (21) clearly show that TRPV3 is sensitized by the removal of CaM. Here we further show that these effects are mediated through the conserved ATP/CaM site in the TRPV3-ARD (Fig. 5) . Moreover, ATP binding maintains the TRPV3 channel in a low sensitivity state, even though it also prevents CaM binding. We hypothesize that TRPV3 undergoes a conformational change in the open state that decreases TRPV3's ability to bind CaM, making TRPV3 easier to open and slower to close. The channel is slow to revert back to the CaM-binding state and therefore further stimulations result in an increased population of the sensitized TRPV3 state. On the other hand, according to our model, ATP binding to the ARD holds TRPV3 in a lower sensitivity state, requiring higher agonist concentrations to activate the channel (Fig. 6) , and preventing the transition to the sensitized state.
The structural similarity of the ligand-free TRPV2-ARD (23, 24) and ATP-bound TRPV1-ARD (15) suggests that ligand binding causes little conformational change in the ankyrin repeats. This is supported by a recent survey of ankyrin repeat structures: ligand binding typically imposes little conformational change on ankyrin repeats (22) . The molecular basis for the differences between TRPV3 and its close homologs, TRPV1 and TRPV4, may instead originate from distinct pathways within the protein to decode the bound regulatory ligand on the ARD and communicate to the channel gate. Notably, the TRPV3-ARD sequence diverges from both the TRPV1-ARD and TRPV4-ARD sequences, with several deviations on the side opposite the conserved binding site (Supplementary Fig. 1 ). Hence, these sequence variations may contribute to the different responses to intracellular ATP in TRPV1 and TRPV3 by engaging distinct interactions with other regions of the channels. Differences outside of the ARD likely contribute as well. In fact, mutagenesis screens on TRPV1 (41) and TRPV3 (42) identified other regions involved in channel sensitivity and activation, which might act in concert with the ARDs to regulate channel activity (Fig. 8) . In TRPV3, the pore region has been implicated in both heat activation (42) and regulation by extracellular calcium (21) . The intracellular membrane proximal regions at both the N-and C-termini were implicated in 2-APB activation (43) . Further experiments will be required to determine how all these different local interactions converge to effect channel gating. The conserved biochemical properties but distinct modulatory outputs of ATP binding to the ARD of TRPV1 and TRPV4 versus TRPV3 provide a starting point to design such experiments. (21)). The previously identified sites of heat activation (I644, N647, Y661 marked as white stars; (42)), activation by 2-APB (cytoplasmic residues H426 and R696, circles; (43)), and calcium sensitivity (intracellular site R696 (42) and extracellular site D641 (21)) are also indicated. 
